The equilibrium between titanium ions (Ti 2þ , Ti 3þ ) and metallic titanium (Ti) in NaCl-KCl equimolar molten salt was investigated using TiCl 3 and Ti. Equilibrium experiments were carried out in metal container of titanium or stainless-steel at 740 C. The concentrations of titanium ions were determined by chemical methods consisting of continuous three steps. Ti 2þ and Ti were quantitated by H 2 evolution method. Ti 3þ was quantitated with titration by Fe 3þ . As the result, the concentration of Ti 2þ was higher than that of Ti 3þ . The concentration quotient, K c ¼ ðx Ti 3þ Þ 2 =ðx Ti 2þ Þ 3 , depends on the concentration of Ti 2þ . The value of K c at 740 C is recommended to be 5.9 at x Ti 2þ ¼ 0:02 and 2.6 at x Ti 2þ ¼ 0:07 respectively. [
Introduction
Titanium coating on base metal is useful for some properties. Therefore, Many methods for coating of titanium in molten salts have been reported. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] However, in spite of the numerous efforts, such methods are not in practical use. To develop them to the industrial level, it is necessary to clarify the mechanism of electrodeposition of titanium from molten salts. The mechanism is complicated because titanium has a few oxidation states in molten salts. 7) For understanding the mechanism, investigation on titanium ions in molten salts is important.
There are some reports on the concentrations of titanium ions in equilibrium with metallic titanium. But, the data are dispersed by the experimental conditions of molten salts and containers. Mellgren et al., Kreye and Kellog, and Takamura et al. investigated the concentration of titanium ions in some molten salts by an analytical method combining H 2 evolution method and titration. They reported that there were Ti 2þ and Ti 3þ in molten salts. But, they used the oxide glass containers, which could react with metallic titanium or divalent titanium ion. [11] [12] [13] [14] On the other hand, Komarek and Herasymenko conducted the equilibrium experiments using a metallic container in equilibrium with Ti. They concluded that Ti 3þ did not exist in molten NaCl and molten MgCl 2 . 15, 16) They also mentioned that the concentration of Ti 2þ might be underestimated in the situation where metallic titanium was dispersed in molten salts using H 2 evolution method due to the formation of titanium hydrides or titaniumhydrogen solid solution. But, they did not evaluate the amount of dispersed titanium. Under the background mentioned above, the more precise investigation on the concentration of titanium ions in equilibrium with metallic titanium is necessary.
In this paper, a method for the evaluation of the concentrations of titanium ions in equilibrium with metallic titanium in NaCl-KCl equimolar molten salt is presented. The equilibrium experiments were carried out using metallic containers made of stainless-steel and metallic titanium.
The quantitative analyses consisting of continuous three steps were conducted precisely to quantitate Ti 2þ , Ti 3þ and dispersed Ti. Here, Ti 4þ could be negligible because the redox potential of the equilibrium of Ti 4þ and Ti 3þ is quite nobler than that of other titanium ions and metallic titanium. 14) And then, all of the possible error were considered. Finally, the concentration quotient of the equilibrium between Ti 2þ , Ti 3þ and Ti was determined.
Experimental

Preparation of molten salt samples
The samples of NaCl-KCl equimolar molten salt containing titanium ions in equilibrium with metallic titanium were prepared by the following procedure. The equimolar mixture of NaCl (GR, Nacalai Tesque, Inc.) and KCl (GR, Nacalai Tesque, Inc.) were inserted into a stainless-steel container with screw cap together with commercially pure Ti (Shinkinzoku Industry Co., Ltd.) and pure TiCl 3 in the glove box, where the partial pressure of water and oxygen was maintained under 10 À6 atm and 10 À10 atm, respectively. The mixture of NaCl and KCl was dried at 200 C in vacuo for more than 24 hours before use. The pure TiCl 3 was prepared by distillation from the mixture of TiCl 3 and AlCl 3 (76-78.5% as TiCl 3 , Alfa Aesar, cat. # 36729). The purities of TiCl 3 were summarized in Table 1 . The inner diameter and the length of containers were 23 mm and 80 mm. For the experiments using stainless-steel container, a titanium rod with the diameter of 6 mm and the length of 50 mm was also inserted into the container. For the experiments using titanium container, the chlorides were inserted in a small container made from metallic titanium whose inner diameter and length were 12 mm and 70 mm, respectively. After screwed tightly in the glove box, the container was taken out 
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from the box and instantly welded with Ar arc. The containers were heat-treated at 740 C for a given time, and then, quenched into water. After the heat-treatment, all amounts of the sample in each container were collected in the glove box and analyzed.
Quantitative analysis of titanium ions
The concentrations of Ti 2þ and Ti 3þ and the amount of dispersed Ti, which are represented as C Ti 2þ , C Ti 3þ and n Ti , respectively, were evaluated based on the method proposed by Mellgren et al. 11, 12) The quantitative analysis combining three steps, two H 2 gas evolution methods and a titration method by Fe 3þ , was carried out.
First, Ti 2þ was quantitated by H 2 evolution method. Figure 1(a) show the experimental set-up for the first step. The sample was dropped into 1 M HCl aqueous solution, where the concentration of hydrogen was saturated by bubbling of H 2 gas for more than an hour. In this step, the trivalent titanium ion in the sample dissolves in the solution. The divalent titanium ion is oxidized to Ti 3þ to dissolve in the solution, and H 2 gas evolves as follows,
The oxidation of dispersed Ti to Ti 3þ is also considered to occur when the sample was dropped into the HCl solution. Thus, it was experimentally confirmed whether the oxidation of dispersed Ti occurred or not. The commercially pure titanium powder (99.9%, Wako Pure Chemical Industries, Ltd.) did not dissolve in 1 M HCl solution at the room temperature because it has a passivation film. On the other hand, it is considered that the surface of dispersed Ti might be not covered with the film. However, such a film will be instantly formed in the solution. Thus, the concentration of Ti 2þ can be evaluated by measuring the volume of the evolved H 2 gas using a gas burette. After the first step, a kind of titanium ions in the solution is only Ti 3þ , and dispersed Ti remains at the bottom of the solution.
Then, the amount of dispersed Ti was quantitated by H 2 evolution. Figure 1(b) shows the experimental set-up for the second step. NaF (GR, Nacalai Tesque, Inc.) of 1 g is dropped into the solution. The trivalent titanium ion dissolved in the solution at the first step reacts with F À to form TiF 6 3À . The dispersed Ti can be dissolved in the acid solution in the existence of F À to be oxidized to TiF 6 3À . H 2 gas evolves by the following reaction,
After the second step, all of titanium species initially contained in the quenched sample dissolved in the solution as TiF 6 3À . At the final step, the total amount of titanium in the solution was determined by the titration using 0.1 M NH 4 Fe(SO 4 ) 2 aqueous solution (sulfuric acid). Figure 1(c) show the experimental set-up for titration by Fe 3þ . In this step, Fe 3þ reacts with TiF 6 3À as follows,
The end point of the titration was determined using NH 4 SCN indicator which indicated red color in the existence with Fe 3þ forming ferric complex, Fe(SCN) 2þ . The concentration of trivalent titanium ion is estimated from the results of the three steps.
Results and Discussions
3.1 Concentrations of titanium ions in NaCl-KCl equimolar molten salt According to the reports by Komarek and Herasymenko, the volume of H 2 gas evolved in the first step can be underestimated for the formation of titanium hydrides or titanium-hydrogen solid solution, where the sample contained metallic titanium. 15, 16) If so, the variation of C Ti 2þ could be affected by n Ti . Therefore, the reaction of dispersed Ti with H 2 gas is discussed from the results of five samples using Ti container, where the initial concentration of TiCl 3 was 0.095 mol kg À1 . In this series, the amount of dispersed titanium in the quenched samples were varied in the range from 0.25 mol kg À1 to 0.65 mol kg À1 . On the other hand, the concentration of Ti 2þ shows almost same value that is independent on the amount of dispersed Ti. This means that metallic titanium dispersed in molten salts does not affect quantitation of Ti 2þ significantly. The measurement error of C Ti 2þ was 8.5% in this series. From the results of titration, there were considerable amount of Ti 3þ in almost all samples. Figure 2 shows the relation between C Ti 3þ and C Ti 2þ . It is understood that C Ti 2þ is higher than C Ti 3þ .
Equilibrium constant of the equilibrium between
Ti 2þ , Ti 3þ and Ti It is considered that the equilibrium among Ti 2þ , Ti 3þ and Ti is written by eq. (4),
The equilibrium constant, K eq , is expressed by eq. (5),
Ti 2þ
x 2
Ti 3þ
where a i and i are the activity and the activity coefficient and of a species, i, respectively. x i is a cationic molar fraction defined by the following equation,
In the experiments of this study, pure Ti is considered to be standard state. Here, the concentration quotient, K c , is defined by the following equation,
x 3
Ti 2þ : ð7Þ Figure 3 shows the relationship between K c and x Ti 2þ , together with the reported values. [11] [12] [13] [14] The values seem to be independent on the kind of container. The reason is that the surface of the container might be covered by metallic titanium or titanium alloy in their experiments. In general, i can be regarded as a constant when x i is low because it obeys the Henry's law. Therefore, K c is also considered to be constant from the eqs. (5) and (7) . However, the experimental result indicates that K c depends on x Ti 2þ as shown in Fig. 3 , especially where x Ti 2þ was low. One possibility of the reason is the systematic error in the analyses. Thus, all of the possible experimental errors were considered. Two examples are introduced as follows. If H 2 gas dissolved in the water in the gas burette at the first step, x Ti 2þ can be underestimated. The maximum of this error to the amount of Ti 2þ is considered to be about 0.16 mmol at one measurement. Because the hydrogen gas solubility is about 0.8 mmol L À1 at 25 C, 17) and the amount of deionized water in the gas burette was 200 ml. The overestimation of x Ti 3þ could occur at the third step by the reduction of Fe 3þ by H 2 gas remained in the solution. The maximum of this error to the amount of Ti 3þ was 0.12 mmol if hydrogen remained in the solution at solubility limit. But it was confirmed that this error is less than about 0.003 mmol by titrating of Fe 3þ in hydrogen saturated solution. In the case of the point A in Fig. 2 , for example, the former error could decrease the concentration of Ti 2þ only by about 30% at maximum. But, the latter error could increase the concentration of Ti 3þ by 1%. As the result, K c increased about 2 times. Therefore, the influence of such systematic errors is considered to be small in the logarithm scale. The reason for the remarkable increase of K c at low x Ti 2þ has not been clarified in this study. Even if some technical error is involved in analyses, the effect should be small in the range of higher concentration. In addition, electroplating of titanium was conducted in the molten salt containing titanium ions of more than 2 mol% in many cases. [1] [2] [3] [4] [5] [6] [7] The values of K c , where x Ti 2þ is from 0.02 to 0.07, are summarized in Table 2 . The values of K c in this study are close to that reported by Mellgren et al. rather than that reported by Kreye and Kellog. All three groups including the authors agree with small decrease of K c by increase of x Ti 2þ .
Conclusions
In this study, the equilibrium between titanium ions and metallic titanium in NaCl-KCl equimolar molten salt was investigated. As the results, the following conclusions were obtained.
(1) A method for quantitation of titanium ions and dispersed titanium in molten salt was established. The significant concentration of Ti 3þ was confirmed, but the concentration of Ti 3þ was lower than that of Ti 2þ . Fig. 3 Relation between K c and x Ti 2þ . Open symbols and filled symbols show reported and measured values in this study, respectively.
Quantitative Analysis of Titanium Ions in the Equilibrium with Metallic Titanium in NaCl-KCl Equimolar Molten Salt (2) The concentration quotient at 740 C is recommended to be from 5.9 at x Ti 2þ ¼ 0:02 and 2.6 at x Ti 2þ ¼ 0:07, respectively. Table 2 The concentration quotient in molten chlorides.
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